Hedgehog (Hh) moves from the producing cells to regulate the growth and development of distant cells in a variety of tissues. Here, we have investigated the mechanism of Hh release from the producing cells to form a morphogenetic gradient in the Drosophila wing imaginal disk epithelium. We describe that Hh reaches both apical and basolateral plasma membranes, but the apical Hh is subsequently internalized in the producing cells and routed to the basolateral surface, where Hh is released to form a longrange gradient. Functional analysis of the 12-transmembrane protein Dispatched, the glypican Dally-like (Dlp) protein, and the Iglike and FNNIII domains of protein Interference Hh (Ihog) revealed that Dispatched could be involved in the regulation of vesicular trafficking necessary for basolateral release of Hh, Dlp, and Ihog. We also show that Dlp is needed in Hh-producing cells to allow for Hh release and that Ihog, which has been previously described as an Hh coreceptor, anchors Hh to the basolateral part of the disk epithelium.
Hedgehog (Hh) moves from the producing cells to regulate the growth and development of distant cells in a variety of tissues. Here, we have investigated the mechanism of Hh release from the producing cells to form a morphogenetic gradient in the Drosophila wing imaginal disk epithelium. We describe that Hh reaches both apical and basolateral plasma membranes, but the apical Hh is subsequently internalized in the producing cells and routed to the basolateral surface, where Hh is released to form a longrange gradient. Functional analysis of the 12-transmembrane protein Dispatched, the glypican Dally-like (Dlp) protein, and the Iglike and FNNIII domains of protein Interference Hh (Ihog) revealed that Dispatched could be involved in the regulation of vesicular trafficking necessary for basolateral release of Hh, Dlp, and Ihog. We also show that Dlp is needed in Hh-producing cells to allow for Hh release and that Ihog, which has been previously described as an Hh coreceptor, anchors Hh to the basolateral part of the disk epithelium.
T he Hedgehog (Hh) signaling pathway is crucial for the development of a wide range of organisms from Drosophila to humans. Hh signaling is also needed in adult stem cell maintenance (1), cell migration (2) and axon guidance (3) . Alteration of Hh function during development causes a variety of congenital disorders, whereas aberrant activation of the pathway has been implicated in many types of human cancers (4) .
Hh is able to signal both short and long range, and it acts as a morphogen during development in various systems (5) . One of these paradigms, the Drosophila wing imaginal disk, is a flattened sac made of two layers of closely juxtaposed and polarized epithelial cells, the columnar cells of the "disk proper" and the squamous cells of the "peripodial membrane." Both epithelia have their apical surfaces oriented toward the disk lumen. In each of these single-layered epithelia, two populations of cells with different adhesion affinities divide the field into posterior (P) and anterior (A) compartments (6) . The P compartment cells produce Hh, which moves across the A/P compartment border, decreasing in concentration as it spreads away from the border. Although the apical surfaces of both epithelia are in close proximity, the A/P border is not aligned and Hh disperses independently across each of them (reviewed in ref. 7) . Related to this issue, an important and controversial question is in which part of the epithelium, apical vs. basolateral, the Hh gradient is formed.
The Hh protein is synthesized as a precursor that is activated by a series of posttranslational modifications. The mature protein has a palmitic acid covalently attached to the amino terminus and a cholesterol moiety attached to the carboxyl-terminus (8) . These lipid adducts confer to Hh high affinity for cell membranes (9) . Nevertheless, Hh can signal to cells distant from the source (5) , suggesting the involvement of specific release mechanisms of this lipid-modified protein (9) . It has been found that dispatched (disp) gene is required exclusively in Hh-producing cells for the release of a fully functional Hh protein (10, 11) . In disp mutant wing disks, Hh synthesis and lipid modifications are unaffected, but Hh accumulates at the plasma membrane of producing cells; presumably as a consequence, signaling is limited to cells adjacent to the producing cells and long-range signaling is abolished (11) .
The mechanism of Hh spreading is still highly controversial (7) . Several models that implicate the extracellular matrix as a scaffold for transport have been proposed (reviewed in refs. 12 and 13). It has been reported that the interaction of heparan sulfate proteoglycans (HSPGs) with lipid-modified Hh restricts the free spreading of Hh (14, 15) . Among the HSPGs, glypicans are bound to the cell membrane via a GPI anchor and are required for Hh spreading (16) . Currently available evidence implicates the glypican Dally-like (Dlp) also in Hh reception, acting together with the Hh receptor Patched (Ptc) (17, 18) . Ptc restricts Hh movement by promoting endocytosis and subsequent degradation of the Hh protein (19) (20) (21) . It is also known that Ptc interacts with both Dlp and the Ig-like and FNNIII domain protein Interference Hh (Ihog) (22, 23) . Recently, it has been reported that the activities of Ihog and the closely related Brother of Ihog (Boi) are absolutely required for presentation of Ptc on the cell surface (24) and for sequestration of the Hh protein to limit long-range signaling (25) . Here, we have investigated whether Ihog and Dlp could also have a role in Hh release from the producing cells.
Hh is secreted from highly polarized cells in most of the systems, and it seems to be secreted by the apical and basolateral plasma membranes in the wing disk (14, 26, 27) in chick (28) and mouse (29) embryos. Although there are two pools of Hh, apical and basolateral in the wing disk epithelium, we show here that the Hh directed to the apical membrane is subsequently internalized before its final release at the basolateral surface, where the Hh gradient is formed. We have also analyzed the interaction of Disp, Dlp, and Ihog in this Hh route. We observed that the glypicans Dlp and Disp mediate this basolateral Hh release and that Ihog interacts with Disp and Dlp in this process and attaches Hh to the basolateral plasma membrane. also detected in A compartment cells near the A/P border in internalized vesicles (Fig. 1A, arrowheads) (21, 30) . In the Hhproducing cells, a large amount of Hh is observed in both the apical and basolateral plasma membranes, indicating that Hh is probably secreted through both surfaces ( Fig. 1 A-A′′ and transversal plane a). To see in which part of the disk epithelium, apical vs. basolateral, the secreted Hh is internalized in the receiving cells to form the gradient, we used "freezing" endocytosis with a temperature-sensitive Dynamin mutant (shi ts1 ), which blocks separation of endocytic vesicles from the parental membranes (31) . By using freezing endocytosis for a short period in shi ts1 disks, we observed that Hh accumulated basolaterally in the A compartment in a stripe of 5-to 10-cell diameters that strikingly corresponds to the extension of the Hh gradient ( Fig. 1 B′ and B′′ , arrows, and orthogonal view b). However, at a more apical optical section, Hh accumulated only in A cells touching the A/P border (Fig. 1B) . Significantly, the Hh receptor Ptc accumulates both apically and basolaterally in shi ts1 disks (Fig. S1 B-B′′ and A-A′′ for WT) or by expressing a dominant-negative form of Shi (Shi DN ) (32) in the A compartment (Fig. S1 C-C′′) , but it colocalizes with Hh at the basolateral sections (Fig. S1 B′, B′′, C′, and C′′). This result indicates that Ptc probably recycles through all cell membranes but interacts with Hh through the basolateral membranes. This pattern of Hh and Ptc colocalization at the basolateral plane, once internalization is blocked, strongly suggests that the "longrange" Hh gradient is formed on this side of the disk epithelium.
Hh Undergoes Endocytosis in Producing Cells. In shi ts1 disks, we also noticed that Hh accumulated at the apical surface of the epithelium in the P compartment cells, indicating that the apical secreted Hh is probably internalized in the same producing cells. Using an antibody against Hh, or looking at an HhGFP construct expressed in the P compartment, we detected Hh not only at the apical and basolateral plasma membranes but in discrete puncta ( Fig. 1C and orthogonal view c) . Some of these puncta could be labeled by internalized red fluorescent dextran, suggesting that they correspond to endocytic vesicles ( Fig. 1 D-D′′ circles and orthogonal views d-d′′). To investigate the significance of this finding, we disrupted endocytosis in various genetic backgrounds and assessed the mechanism of Hh release.
As in shi ts1 disks, shi ts1 clones in the P compartment Hh accumulated at the apical surface of the epithelium ( Fig. 1 E and E′ and orthogonal views e and e′). By extracellular staining using anti-GFP antibody containing shi ts1 clones in an hh-Gal4/upstream activation sequence (UAS)-HhGFP disk, we observed that this Hh accumulation was extracellular ( Fig. 1 F and F′) . To investigate the effect of blocking internalization in Hh spreading further, we induced clones of HhGFP in the P compartment in both a normal and shi ts1 background. Hh spreads away from an HhGFP clone induced in a WT disk at the basolateral surface (Fig. 1G , Insets g and g′, arrowheads). In shi ts1 disks, however, HhGFP in the P compartment was limited in the expressing cells, where it accumulated apically. Meanwhile, it accumulated basolaterally in the A compartment as a result of Hh internalization in the receiving cells (Fig. 1H , Insets h and h′, arrows). We then decided to examine Hh distribution in disks expressing a dominant-negative form of Rab5 GTPase (Rab5 DN -YFP) that blocks early endosome formation (33) . We observed that Hh also accumulated apically in cells expressing Rab5 DN -YFP (34) (Fig. 2 A and A′, arrowheads), whereas it decreased at the lateral side ts background stained with anti-βGal (red) and anti-En (blue) antibodies. Dynamin-mediated apical internalization of Hh is observed in the P ectopic clone cells only (Inset h′) and not in the adjacent A clone, where dynamin-mediated internalization takes place through the basolateral plasma membrane (Inset h, arrow). Note also that the basolateral spreading of HhGFP outside the clone in the P compartment, shown in Inset g, is not observed in Inset h, indicating that when there is "freezing" internalization, there is less Hh at the basolateral plane (arrowhead) and that apical internalization of Hh is needed for the formation of a basolateral Hh gradient. In all transversal sections, the apical part of disks is in the upper part of the panels.
( Fig. 2 B and B′, arrowheads) . Together, these results suggest that Hh is targeted to the apical membrane and is subsequently internalized by Shi-and Rab5-mediated endocytosis. Because the cells that produce Hh also internalize it, we believe that apically localized Hh is not actually spreading but remains associated with the producing cell before endocytosis.
We further examined the process of Hh trafficking in P compartment cells by investigating whether Hh that is internalized from the apical surface is subsequently targeted to lysosomal degradation. Because deep orange (dor) mutants block transit of internalized cargo from the late endosomal compartment to lysosomes (35), we made clones of dor mutant cells and monitored Hh distribution. We observed that Hh levels in the P compartment clones were not much affected ( Fig. S2 A and A′, clone 2), whereas in the A compartment, where Ptc has been shown to internalize Hh for lysosomal degradation (21), Hh accumulated much more in dor mutant cells ( Fig. S2 A and A′, clone 1). These results suggest that in the P compartment, internalized Hh is not primarily targeted to degradation but is instead "recycled" (i.e., redirected to another part of the cell membrane for its final secretion). To test this hypothesis, we expressed a dominantnegative form of Rab8 and Rab4 proteins. Rab8 has been implicated in exocytic/recycling membrane trafficking during cholesterol removal from the endocytic circuits (36, 37) . Because Hh could behave as a lipid molecule, we tested if knocking down Rab8 could affect Hh trafficking. Interestingly, after ectopic expression of dominant-negative Rab8 (34), Hh accumulated subapically ( Fig. S2 B and B′, arrowheads), where the recycling endosome compartment is probably located (38) . Vertebrate Rab4 directs rapid recycling from early endosomes to the plasma membrane (39, 40) . We also observed a slight buildup of Hh protein in the apical part of the epithelium when we overexpressed a dominant-negative form of Rab4 ( Based on the above, we propose that in producing cells, the apical "secreted" Hh undergoes a subsequent endocytic internalization mediated by dynamin and Rab5 that leads to its "recycling" to the basolateral domain of the plasma membrane, where we believe the long-range Hh gradient is formed and shaped. In support of this hypothesis, when either Rab5 DN or Shi DN was expressed in the whole P compartment, Hh signaling was compromised. The expression of the Hh targets Collier (Col) (41) and Ptc were reduced (from 7-to 4-cell diameters; Table S1 ) in both mutant conditions ( Fig. 2 C, C′′, D, D′, F, and F′ compared with Col and Ptc WT expression in Fig. 2 E and G). Interestingly, we also noticed that by expressing Shi DN but not Rab5 DN , the long-range targets Cubitus interruptus (Ci) and Decapentaplegic (Dpp) were expanded (from 12-to 16-cell diameters) (Table S1 and Fig. 2 C, C′, F, F′′, and F′′′ compared with Ci and Dpp WT expression in Fig. 2 H and I) . Thus, by blocking internalization in the P compartment using Shi DN , Hh most likely accumulates apically; this excess of Hh reaches the A compartment cells, activating only those targets that require low Hh levels, but is insufficient to activate the high-threshold Hh targets. In agreement with our results, an increase in apical Hh levels has been reported recently when internalization was blocked in the P compartment, causing activation of the low-threshold Hh targets as a result of a compensating phenomenon in which Hh is forced to signal improperly apically (27) . Similarly, apical Hh internalization, able to activate the low-threshold Hh responses, has already been described by expressing a mutant Hh lacking cholesterol (Hh-N) in the P compartment (14) . Collectively, these data indicate that after apical secretion, Hh has to be recycled to other membrane places; when this process is disturbed, the gradient is compromised.
Disp Is Required for Hh Release Through the Basolateral Plasma
Membrane. In an attempt to analyze how Hh is released to reach the target A cells, we examined the role of Disp, the only protein shown to be required in producing cells for Hh release so far. As previously reported, Hh accumulates in disp mutant cells (11) (Fig. S3 A and A′ and orthogonal views a and a′), but mutant forms of Hh that lacked lipid modifications, either Hh-N or palmitic acid (Hh-C85S) tagged to GFP, did not accumulate in disp −/− clones (11) (Fig. S3 C-D′) and are freely released (Fig.  S3E) . It has also been described that Hh cannot signal in disp −/− disks (Fig. S3F , orthogonal planes f and f′). However, by overexpressing HhGFP in the P compartment of a disp −/− disk, a minor rescue of Hh signaling in cells touching the A/P compartment border could be provided (Fig. S3G, transversal planes g and g′) . These data indicate that long-range signaling but not juxtacrine signaling requires disp function, as has been described previously in both Drosophila and vertebrates (42, 43) . In P compartment cells lacking disp function, Hh levels increase in cell membranes (11) (Fig. S3 A and A′ and orthogonal sections a and a′) . The effect is cell-autonomous, and extracellular Hh labeling reveals that Hh accumulation in disp mutant clones takes place, at least in part, at the external face of the plasma membrane (Fig. S3 B-B′′ ). An apical section of a wing disk containing disp mutant clones indicates that Hh-puncta are also affected. More precisely, these puncta are mislocalized in the disp −/− clone, and also noticed in heterozygous disp +/− cells, compared with the WT territory (arrows for WT and arrowhead for twin clone in Fig. 3 A and A′) . These puncta could be labeled by internalized red fluorescent dextran (Fig. 3, orthogonal views a-a′′) , and are therefore likely to be endocytic vesicles. They increase in number, and although they are predominantly subapical in WT cells, they are randomly distributed in disp mutant cells compared with the WT territory ( Fig.  3 A and A′ and orthogonal views a-a′′). Because localization of most dextran-labeled vesicles, and not just the Hh-containing ones, changed in mutant cells, the role of disp might not be specific to Hh but more general in regulating vesicular trafficking. Therefore, we can propose a possible role of disp in the regulation of the intracellular trafficking of Hh (and perhaps other proteins) to the appropriate cell surface.
We also studied the subcellular localization of Disp protein using a DispYFP construct and specific α-Disp antibodies. Although Hh accumulates at the cell membranes in disp mutant cells, we observed that DispYFP was present mainly at the basolateral plasma membrane both in the imaginal disk (Fig. 3 B-B′′ and D) and in salivary gland cells (Fig. 3E) . Indeed, DispYFP was excluded from the apical plasma membrane, an arrangement that was clearly evident when the plasma membranes were labeled with the membrane dye FM4 (Fig. 3 C-C′′) . Although absent from the apical membrane, DispYFP was clearly present in a group of subapical vesicles (Fig. 3C′′) . DispYFP puncta could be labeled by internalized red fluorescent dextran, indicating that Disp is found in endocytic vesicles (Fig. 3 F and F′) . Interestingly, after shorter times of incubation, the colocalization of Disp and dextran-labeled vesicles took place at more apical planes (Fig. 3F) , whereas after longer incubation periods, the colocalization was evident at more basal domains (Fig. 3F′ ). This suggests that Disp traffics through different type of endosomes. In addition, by expressing both DispYFP and HhCFP, we observed that Disp puncta colocalized with some of the Hh puncta (∼80% of colocalization) (blue arrowheads in Fig. 3 G-G′′) . However, although Hh accumulated apically in shi ts1 mutant clones, we did not detect any Disp accumulation at the plasma membrane of shi ts1 cells (Fig. S3 H and H′, asterisk) or in the ectopic expression of Shi DN ( Fig. S3 I and I′, asterisk) , indicating that in contrast to Hh, the presence of Disp in these vesicles is not attributable to Disp in- ternalization. Therefore, these vesicles could be either recycling endosomes or multivesicular bodies (MVBs), and they could define the endocytic compartment where Hh and Disp possibly meet.
The potential relevance of the colocalization of Disp and Hh in vesicles is enhanced by the additional finding that Hh and Disp can coimmunoprecipitate using anti-Disp-specific antibodies (Fig. 3J, asterisks) . This result suggests that these proteins might interact directly. Because Hh is not released from disp mutant cells (11, 44) and accumulates in both the plasma membrane and intracellular vesicles, the role of Disp in vesicular trafficking may be consist in "capturing" Hh from apical endosomes and directing it to the basolateral surface.
It has been described that mutant forms of Disp in the GxxxD motif, in the transmembrane domains TM4 and TM10, lose the ability to release Hh protein in S2 cells (44) . We tested one of these mutant forms of Disp (Disp AAA ) in the wing imaginal disk. We also observed a distinct subcellular distribution of Disp AAA (Fig. 3H, Inset h ) compared with the WT protein (Fig. 3I, Inset i) : a decreased distribution in the plasma membrane and, at the same time, an increase in the number of Disp AAA -labeled vesicles. In addition, these Disp AAA vesicles do not colocalize with Hh puncta (Fig. 3K and K′) compared with the colocalization of Hh and Disp ( Fig. 3 L and L′) , implying that Disp AAA has an impaired the ability to participate in Hh vesicular trafficking to the basolateral plasma membrane.
Dlp Is Needed for Optimal Hh Release. Work from different laboratories has shown that Dlp interacts with Ptc (17) and Ihog (23) and that this interaction is necessary for Hh internalization in receiving cells. In contrast to previous reports (15, 45), we found that Hh protein levels in the P compartment of dlp MH20 homozygous mutant disks were about 40% higher than in WT disks (Fig. 4 A-C) . Examination of dlp MH20 clones induced in the P compartment revealed that Hh protein levels in both apical (Fig.  4 D and D′) and basolateral (Fig. 4E , Inset e) membranes were consistently higher in dlp mutant cells compared with WT tissue.
Accumulation of Hh in a dlp MH20 background suggests that in the absence of Dlp function, Hh release from producing cells might be impaired. Consistent with this hypothesis, when Dlp expression was knocked down by RNAi expression (Fig. S4 C, C′ , and Inset c′) in the P compartment, Hh signaling was reduced, as monitored by the expression of Ptc, an Hh pathway target that is up-regulated at the compartment border (Fig. 4 F-H) . Furthermore, we noted that the increase in Hh levels in P compartment dlp MH20 clones was not uniform and that Hh levels did not increase in mutant cells found in close proximity to the clone borders (1-to 2-cell diameters; Fig.  4e, arrowheads) . Based on the above, we conclude that Dlp has an important and previously uncharacterized role in Hh release from producing cells.
The similar pattern of Hh accumulation in plasma membranes of disp and dlp mutant cells made us analyze whether Dlp and Disp can interact. Indeed, Disp colocalizes with Dlp (Fig. 4K) . Furthermore, overexpression of Disp increases Dlp levels at the basolateral plane of the epithelium (Fig. 4 J-K′) . Given these findings, we also tested whether Disp and Dlp could biochemically interact. Using a specific anti-Disp antibody, we found that Disp and Dlp coimmunoprecipitate (Fig. 4I, asterisk) . These data suggest that Disp interacts with Dlp in the process of Hh release from producing cells, and given the role of Disp in vesicular trafficking, we believe that Disp may also regulate the transcytosis of Dlp from the apical to basolateral plasma membrane. In agreement with the above, when a mutant form Disp AAA is ectopically expressed, it neither colocalizes nor accumulates Dlp as does WT Disp (Fig. 4 L-M′) .
Ihog Attaches Extracellular Hh to the Basolateral Part of the Disk
Epithelium. It has been characterized that Drosophila Ihog interacts directly with Dlp, Hh, and Ptc in the A compartment, where it functions during Hh reception (23, 24) . Because Ihog is expressed throughout the wing disk (Fig. S4D) and interacts with Dlp during reception (23), we investigated whether Ihog also interacts with Dlp and Disp during Hh release from producing cells.
We first examined the localization of an IhogYFP fusion protein in randomly induced clones in the wing disk. We observed that IhogYFP localizes mainly at the basolateral plasma membranes and puncta, and also, interestingly, in long thin processes that extend away from cell borders (Fig. S5) . We observed that ectopic Ihog expression increased Hh levels only at the basolateral plasma membrane (Fig. 5 A, A′, and a) . Focusing at the basal part of the disk, we show that Hh was retained all along filopodia-like structures (Fig. 5a′, Inset) and that this accumulation was mainly extracellular (Fig. 5 B-C′) . These data suggest a possible role for Ihog in Hh subcellular localization at the basolateral membrane of producing cells. Accordingly, in ihog mutant clones, Hh levels at the plasma membrane were reduced at the lateral and basal levels, although, interestingly, no significant reduction was evident apically (Fig. S4 F-F′′′) (25) .
Given the localization of Ihog at the basolateral plasma membrane, we then looked at the putative interaction of Ihog with Disp and Dlp. Although mutant cells for Ihog and Boi do not have an effect on Dlp levels, we noticed that ectopic expression of Ihog increased levels of endogenous Dlp and stabilized it in membranes and cellular extensions (Fig. S5 A and A′) . We additionally found that coexpression of IhogYFP and Disp revealed remarkably good colocalization along the entire filopodia length (Fig. S5 B and B′) . However, the mutant form Disp AAA is not recruited in the basal cellular extension (Fig. S5 C and C′) , as is WT Disp protein when coexpressed with Ihog protein. Furthermore, clones ectopically expressing Disp accumulate endogenous Ihog in cell membranes (Fig. 5 D-D′′) . However, the mutant form Disp AAA has lost the ability to recruit Ihog protein (Fig. 5 E and  E′) . Taken together, these data indicate that Disp may have a more generic function in regulating vesicular trafficking and that, in addition to Hh, it may be important for subcellular localization of both Dlp and Ihog. By immunoelectron microscopy, we detected Disp and Ihog at the basolateral plasma membrane and in MVBs, where it colocalized with Hh (arrowheads in Fig. S6 ).
It has been described that Hh-N, HhC85S, or both (HhC85SN) are not able to signal normally in the wing imaginal disk (14, 46) . We therefore tested if lipid-unmodified Hh colocalizes with Ihog in filopodia-like structures. To do so, we induced clones expressing both IhogRFP and the lipid-unmodified form of HhGFP. In noticeable contrast to what is seen with HhGFP, HhC85SN-GFP does not decorate basolateral extensions (Fig. 5 F-F′′, arrowheads) . As previously reported (11), we observed that mutant forms of HhGFP that lacked lipid modifications are released (Fig.  S3E) and did not accumulate in disp −/− clones (Fig. S3 C-D′) . Taken together, these results suggest that lipid modifications of Hh protein are necessary for Disp-regulated Hh trafficking required for its release.
Discussion
In the wing imaginal disk epithelium, as in other highly polarized cells (28, 29) , two pools of Hh, apical and basolateral, are observed; however, our current work provides evidence that Hh is released and delivered to receiving cells in the A compartment following a basolateral route. We observed that the apical secreted Hh is recycled to the basolateral part of the disk epithelium, where the long-range Hh signaling is formed.
By using shi ts1 mutant disks, it is possible to freeze Hh internalization and visualize on which side of the A wing disk epithelium, apical or basal, Hh gradient is being formed. Thus, we observed an extended basolateral accumulation of Hh in receiving cells, whereas, at the apical plane, Hh accumulation was only evident in the first row of A cells, indicating that the longrange Hh gradient is formed mainly basolaterally. Accordingly, Ptc accumulated in shi ts1 disks equally apically and basolaterally but mainly colocalized with Hh at the basolateral sections, suggesting a specific mechanism to deliver Hh to Ptc in this surface of the disk epithelium. To analyze the mechanism of Hh release in the P cells, we noticed an apical accumulation of Hh in the producing cells in shi ts1 mutant disks, which was also observed in P shi ts1 clones and in Rab5 DN ectopic clones, suggesting that the apically secreted Hh is also internalized in P cells and probably is recycling to other membranes. Accordingly, when blocking recycling endosomes (using the dominant-negative form of Rab8 or Rab4), we could detect Hh accumulation in producing cells. This Hh recycling in P cells is probably necessary to form a proper Hh gradient in the receiving cells. In agreement with the above, Hh signaling is compromised when endocytosis is blocked by expressing either Rab5 DN or Shi DN in the P compartment. Interestingly, and in agreement with our results, Ayers et al. (27) suggested that apical Hh internalization in the Hh-producing cells is necessary to process or route Hh to activate the responses that require high levels of Hh. However, in contrast to our interpretation, Ayers et al. (27) also proposed that the apical Hh pool is responsible for the long-range Hh gradient formation. We believe that it is not necessary to envision two Hh gradients, an apical long-range Hh and another basolateral short-range Hh, when all responses can be produced by means of a single gradient. Because only the recycled Hh is capable of activating the highthreshold Hh targets, there is no reason to believe that this processed Hh would not be efficient enough to induce the lowthreshold targets basolaterally.
Also in contrast to a previous report proposing a function for Disp in regulating the apical secretion of Hh in Drosophila epithelia (47), we demonstrate here that Disp is required for the basolateral release of Hh in the wing imaginal disk epithelium. The subcellular localization of Disp, and its function in the basolateral release of Hh, is in agreement with a recent report in vertebrates (48) . The cellular phenotype of the loss of Disp function, such as the increase in the amount of Hh found in endocytic vesicles, which are supernumerary and disorganized, can be interpreted as a failure in Hh trafficking that subsequently affects its proper release. In this sorting process, Hh would interact with Disp either in the recycling endosome or in MVBs. Disp, a member of the RND family of proton-driven transporters (44, 49) , is likely to function only in compartments where a transmembrane proton gradient exists, such as in early and late endosomes, trans-Golgi, and MVBs. In support of this view, we showed by confocal and EM studies that Disp protein is located not only at the basolateral plasma membrane but in vesicles and MVBs, where it colocalizes with Hh. Based on the disp −/− phenotypes and the localization of Disp protein in MVBs, we propose that Disp might have a function in redirecting the apically internalized Hh toward the basal domain. Interestingly, and in agreement with the above, a form of Disp, mutant for the proton-driven transporter function (Disp AAA ), does not localize at the basolateral plasma membrane but in supernumerary cytoplasmic vesicles that do not colocalize with Hh puncta, implying that Disp AAA may not participate in Hh vesicular trafficking to the basolateral plasma membrane.
In noticeable contrast but also supporting the above, after freezing Hh internalization in shi ts1 mutant disks, Hh accumulates apically in the first row of A compartment cells, suggesting that paracrine signaling could also occur through the apical plasma membrane. Interestingly, in P mutant cells for Dlp, Hh is able to signal to the abutting A cells but long-range signaling does not occur. A suggestive possibility is that the capacity for apical signaling is not affected in these mutant conditions; however, for long-range signaling to occur, a basolateral release implicating the coordinated actions of Dlp and Ihog together with Disp would be required. During Hh sorting in the producing cells, Disp may interact with Dlp and Ihog; in fact, the interaction of Disp with Dlp and Ihog may be important for the apical-to-basal transcytosis of these proteins, because the ectopic expression of Disp but not of mutant Disp AAA increases Dlp and Ihog levels at the basolateral membranes. As in disp −/− cells, dlp −/− cells in the P compartment showed an accumulation of Hh at both the apical and basolateral plasma membranes, suggesting that Dlp might cooperate with Disp during Hh release. In agreement with the proposed mechanism, transcytosis of Dlp has previously been suggested to be important for Wingless (Wg) release and spreading (45) .
Although our data cannot support that the total amount of synthesized Hh has to undergo this apical-to-basal transcytosis, an intriguing question is why Hh is placed and internalized apically and then shuttled to the basolateral part of the cell. One possibility is that the newly synthesized Hh protein, because of its unusual modifications with cholesterol and palmitate, uses the apical surface, which is enriched in cholesterol and glycosphingolipids, for primarily plasma membrane localization. Alternatively, it is also possible that the apical internalization of Hh allows its interaction with Disp, glypicans, and Ihog. Therefore, Hh that reaches the apical plasma membrane needs to be internalized to recycle to the basolateral plasma membrane, where the machinery for secretion and gradient formation is found. As we have already discussed, transcytosis of Dlp and Ihog together with Hh from the apical membrane to the basolateral membrane may also occur. Cholesterol and triglycerides also undergo apical-to-basolateral transcytosis across intestinal epithelial barriers to reach the blood (50) . Cholesterol and palmitic acid modifications could attribute lipid-like properties to the Hh protein, such as the ability to be anchored to the plasma membrane, and could thus affect Hh intracellular trafficking. In agreement with the above, it has been described that lipid-unmodified Hh in the wing disk epithelium is not able to form a proper Hh gradient (11, 14, 26) . As previously reported (11), we observed that Hh mutant forms that lack lipid modifications are released and did not accumulate in disp −/− clones. Interestingly, we show that lipid-unmodified Hh does not colocalize with Ihog-labeled basal cell extensions, indicating that lipid modifications are necessary to interact with Disp, Dlp, and Ihog, and therefore for proper Hh trafficking from the apical to basolateral plasma membrane regulated by Disp function. Reinforcing our findings, it has been reported that disp (11) and ttv functions (51) are not required for either release or transport of lipid-unmodified Hh, strongly suggesting that Disp and glypicans are needed for the appropriate basolateral release of Hh.
Our work shows that Hh has a more complicated mechanism for release than has been previously anticipated. The finding of a basolateral route for Hh release and gradient formation will help to understand Hh interaction with different Hh pathway components, such as Disp, Dally, Dlp, Ihog, Boi, and Ptc, during the process of Hh gradient formation. Related to this issue, it is quite intriguing to find Disp, Dlp, Ihog, and Hh decorating long basal cellular extensions in disk cells expressing Ihog ectopically. Some of the long filaments labeled with IhogYFP extend up to several cell diameters and are reminiscent of the "cytonemes" described by Ramírez-Weber and Kornberg (52) , with a function in the transport of morphogens. In contrast to the previously described apical cytonemes (52) , the extensions we visualize are mainly found at the basal part of the disk epithelium. Interestingly, in the context of Notch signaling, basal actin-based filopodia are important for lateral inhibition between nonneighboring cells (53, 54) . However, further investigation will be necessary to demonstrate the implication of cytonemes in Hh gradient formation.
Materials and Methods
The following Gal4 drivers were utilized in the ectopic expression experiments using the Gal4/UAS system (55): hh-Gal4 (56), AB1-Gal4 (57), ap-Gal4 (58), and ptc-Gal4 (59). The transgenes actin > CD2 > Gal4 (60) and ubx > f+ > Gal4, UAS-βgal (61) were used to generate ectopic clones of the UAS lines. Transient expression of the UAS constructs using the Gal4; tub-Gal80 
